Terabit all-optical complementary logic is proposed using two successive time slots to represent a unique logical status. An organic molecular thin film is used as an array of optically controlled optical switches. By utilizing the planar structure of the film and its ultrafast optical response, proof-of-principle fully optical NOT and AND logic operations were demonstrated with 400-fs interval pulses.
To accommodate the massive amount of traff ic required in terabit optical networks, signal processing with ultrafast optical-domain devices offers significant advantages: Such devices can outperform silicon VLSI, or they may complement such silicon to enhance the overall system performance of optoelectronic networks. 1, 2 Successful demonstrations of such optical signal processing based on ultrafast nonlinearity in silica f ibers have been reported; these demonstrations include interferometric switching with a nonlinear optical loop mirror. 3, 4 However, since long lengths of fiber are typically required because of the small nonlinear refractive index n 2 for silica (ϳ3 3 10 220 m 2 ͞W), if we use optical f iber devices as building blocks for computation, the latency is relatively large. Meanwhile, with the goal of demonstrating extremely low latency computation, a system based on optical pulse propagation has also been proposed. 5 However, the system employs modulator devices (LiNbO 2 ) whose switching operation is controlled by electrical means, which severely limits the bandwidth of the system. More important, inversion logic is implemented in the control electronics rather than optically.
Recent research has revealed organic materials offering high nonlinearity that could be applied to ultrafast signal processing. 6 There are some notable differences compared with guided-wave devices such as optical fibers, in which the optical field is conf ined in a small region. For example, the nonlinearity of organic films is much higher, so even a relatively thin film (100 nm) can exhibit a nonlinearity sufficient for optical signal processing. Also, the spatial extent of optical pulses is becoming extremely short (for instance, a 100-fs pulse has a length of 30 mm); that is, they are approaching dimensions that are ideally matched to the scale of thin-f ilm devices.
Taking these issues into account, we are pursuing a method capable of achieving time-of-f light-based logical computation completely in the optical domain.
In this Letter we demonstrate ultrafast optical-domain logic with an organic thin-f ilm device. The device used is a Squarylium dye J-aggregate (SQ-J) film, 7 which is an organic thin f ilm that acts as an ultrafast two-dimensional optical switch. The operation of the SQ-J f ilm is characterized by a signal pulse and a control pulse. The switching operation is based on the optical Kerr effect. 8 Essentially, the control pulse makes the film transparent and allows the signal pulse to pass through the f ilm. The transition between the opaque and transparent states occurs in 100 fs. Therefore, by regarding the signal pulse as one input and the control pulse as the other input, the SQ-J film can be viewed as an ultrafast AND gate. Since the film can be made by a simple spin-coating process, fabrication of large-area devices is easy and low cost. The f ilm used in our experiments described below is 5 cm 2 and 120 nm thick and is formed on a glass substrate. Each spatial position on the SQ-J film can act as an independent AND gate when two input signals are assigned to each location.
To achieve arbitrary digital computation, a complete set of complementary logical operations is required. One such complete set is the NOT and AND operations. To implement the NOT operation in conventional logic, when inverting logic 0 (the absence of a pulse) to logic 1 (the presence of a pulse), an electrical pulse must be physically generated from the zero input state; however, since we are considering ultrafast computation at rates well beyond the physical limitations of electrical-to-optical conversion, a purely optical scheme is required to achieve this inversion quickly.
Here we introduce a logical scheme, which we have termed time-domain dual-rail logic (TDL), in which two successive time slots represent a unique logical state. In TDL both logic 0 and logic 1 have optical energy during either the first or the second time slot. In this scheme the NOT operation consists of swapping successive time slots. This is achieved, as shown in Fig. 1(a) , by duplicating the input into two paths, subjecting one path to a time delay of two time slots, and merging the two paths. We then have four time slots at the output, and we find that the two input time slots have been swapped in the second and third output time slots. The f irst and fourth time slots of the output are not required and should be f iltered out; this is achieved as follows.
Since the SQ-J film is transparent only where the control pulse and the signal pulse coincide, an obliquely irradiated control pulse effectively acts as a traveling slit, 2 as shown in Fig. 1(b) . In such an arrangement the time-domain input pulses will be converted to space-domain transmissive regions in the f ilm, so placing opaque material at the bottom and the top of the SQ-J film will cause the first and fourth time slots to be blocked, as shown in Fig. 1(c) . In this way the SQ-J film functions as a time slot f iltering device.
We demonstrated this filtering with a femtosecond laser system in which a Ti:sapphire regenerative amplifier and an optical parametric amplif ier were used to produce signal pulses (760 nm) and control pulses (800 nm). The pulse width was 100 fs, and the repetition rate was 1 kHz. The energy density of the control pulse was ϳ5.6 mJ͞mm 2 . The control pulse induced a transmission efficiency of the order of 10 25 . The on͞off ratio was ϳ3.5. The spatial pulse width on the film was estimated to be ϳ100 mm based on the images captured by a CCD camera. Coding and timing management was performed with half-mirrors, and time-of-f light control was performed with mirrors on microstages. Each time slot was set to 400 fs. Figure 2 shows snapshots of the film for logical inputs 0 and 1; inversion logic was observed in the second and third time slots, as expected. Now the AND operation will be formulated using the TDL principle. Let A i , B i , and C i represent the states of two successive time slots for two input signals (A, B) and an output (C) where the subscript i represents the first and second time slots by 1 and 2, respectively. For instance, input A of logic 1 is represented in TDL by A 1 1 and A 2 0. On the basis of this notation, the AND operation in TDL can be expressed as
In Eqs. (1) and (2) the four inner products are achieved by the switching operation of the SQ-J film by assigning the signal pulse and the control pulse to A i and B j . The different subscripts i and j indicate different arrival times at the film. Therefore the TDL-based AND operation can be implemented optically by precisely managing the arrival timing of signals A and B.
We demonstrated this principle with our femtosecond laser system. The complete wave front of a horizontally spread-out signal A is incident upon the film simultaneously, whereas signal B obliquely irradiates the film, as illustrated in Fig. 3(a) . Therefore the position at which signals A and B intersect on the film differs with respect to the time slot of the incoming signals.
We configured the timing in such a way that, as shown in Fig. 3(a) , when the f irst time slot of signal A (A 1 ) arrives at the film, it meets the f irst time slot of signal B (B 1 ) at position S2 while at the same time meeting the second time slot of signal B (B 2 ) at position S1. This means that the outputs of the f ilm at positions S2 and S1, respectively, yield A 1 B 1 and A 1 B 2 . Similarly, when the second time slot of signal A (A 2 ) arrives at the film, as shown in Fig. 3(b) , outputs A 2 B 2 and A 2 B 1 are obtained at positions S2 and S3, respectively. The three positions (S1, S2, and S3) on the film are related to the relative timing difference between the input signal time slots (A i and B j ). Positions S1, S2, and S3 have signal outputs when j i 1 1, i j , and i j 1 1, respectively. Finally, as illustrated in Fig. 3(c) , by putting a one time slot delay (Dt) after position S1 to align the arrival timings, we have optical pulse trains equivalent to Eqs. (1) and (2) . Figure 4 shows experimental results of the AND operation, in which time-domain prof iles of the output signal were obtained by cross correlation by use of a second-harmonic generation crystal for each possible input signal combination. Each time slot is set to be 400 fs, which is the same as for the NOT operation. For each input the corresponding space-domain image of the SQ-J f ilm is shown. There are two cases when we observe an optical signal at position S2, namely, when both input signals have the same logic level, that is, both 0 or both 1. This is distinguished as shown in the time-domain traces, in which we observe a signal in the f irst time slot only when both inputs are logic 1 (A 1 B 1 1) . We need to put a delay element after the film at position S1; however, for the sake of experimental simplicity we inserted the delay element behind the entire film but only for the case in which A 1 B 2 1.
In summary, we have demonstrated ultrafast, alloptical logic by use of a nonlinear organic film on the basis of time-domain dual-rail logic. The proofof-principle experiment used a pulse interval of 400 fs, which corresponds to a potential computation bit rate of 2.5 Tbits͞s.
One difficulty in scaling up such a system to include many devices is that organic materials generally have low transmission eff iciency 9 (of the order of 10
25
for the film used in our experiment), which in turn limits the cascadability of computation stages. Therefore the development of higher-transparency films is under way, and we are exploring system architectural considerations to overcome these physical limiting factors. The operating wavelength of films is another issue for communication applications that is being investigated.
